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A thermal actuator is taught for a micro-electromechanical device. The thermal actuator includes a base element, a cantilevered 
element (14) extending from the base element and normally residing in a first position. The cantilevered element includes a first 
layer (34) constructed of a dielectric material having a low thermal coefficient of expansion and a second layer (36) attached to 
the first layer, the second layer comprising intermetallic titanium aluminide. A pair of electrodes (30,32) are connected to the 
second layer to allow an electrical current to be passed through the second layer to thereby cause the temperature of the second 
layer to rise, the cantilevered element deflecting to a second position as a result of the temperature rise of the second layer and 
returning to the first position when the electrical current through the second layer is ceased and the temperature thereof 
decreases. The therm al actuator has particular application in an inkjet device wherein a series of such inkjet devices form an 
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(54) Thermal actuator 

(57) A thermal actuator is taught for a micro-electro- 
mechanical device. The thermal actuator includes a 
base element, a cantilevered element (14) extending 
from the base element and normally residing in a first 
position. The cantilevered element includes a first layer 
(34) constructed of a dielectric material having a low 
thermal coefficient of expansion and a second layer (36) 
attached to the first layer, the second layer comprising 
intermetallic titanium aluminide. A pair of electrodes. 



(30,32) are connected to the second layer to allow an 
electrical current to be passed through the second layer 
to thereby cause the temperature of the second layer to 
rise, the cantilevered element deflecting to a second po- 
sition as a result of the temperature rise of the second 
layer and returning to the first position when the electri- 
cal current through the second layer is ceased and the 
temperature thereof decreases. The thermal actuator 
has particular application in an InkJet device wherein a 
series of such Inkjet devices form an Inkjet printhead. 
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mk inVe r M ° n re ' ateS 9enera " y tQ m ^°-eleotrGmechanical devices and, more particularly, to micro- 
electromechanical thermal actuators such as the type used in Ink jet print heads 

[0002] Micro-electro mechanical systems (MEMS) are a relatively recent development. Such MEMS are being used 
as alternates to conventional electromechanical devices such as actuators, vah.es, and positioners. Miom-eS 

are also being discovered due to the small size scale of MEMS devices PP'icai.ons 
suTL^ n p^ tent,al f PPHCati0nS °' MEMS technol °9y *'«™ t^rmal actuation to provide the motion needed in 

s^nnTh^ » f ' S deS,rab,e t0 maXimiZ6 the de9ree of m °vement while also maximizing the degree of force 
actuatoJmolion UP °" * * ' S ^ deS ' rab ' e * minim ' Ze th6 P °" er Con ^ raed ^ 

SeteaLi'i L^r^ 960 " 8 th * the cantllever »emial actuator exhibits no change in intrinsic stress and 
epea able actuator motion upon repeated thermal actuation of the actuator between 20-C and 300'C temperatures 
t is also desirable that the resulting MEMS devices are capable of being produced in batch fashion usingSeriai 
that are compare with standard CMOS integrated circuit fabrication. This allows advantageous^ KSX 

circus SSfr ' and i° W C0St C0mpat,bHtt V With CMOS processing also allows^ ntegSofoflonTro 
circuitry with the actuator on the same device, further improving cost and reliability. 

[0005] It «s therefore an object of the present invention to provide a thermal actuator for a mteromechanfcal device 
having an actuator beam with an improved degree of movement ""cromecnanicai device 

in°afLto!ht^ 

an actuator beam that delivers an increased degree of force upon activation 

l00 ?V .?? another object of the present invention is to provide a cantilevered beam type thermal actuatorthat exhibits 

wTbicomet»H .v ' ? re90 ' n9 nUmef0US ° ther featUres ' 0biects and ^^tages of the present invention 
featu^bi^s IhTh' 6 " UP0P 8 reViSW ° f the detaile ° Ascription, claims and drawings set forth herein. These 
Sr;^ ^ advantages are accomplished by fabricating a thermal actuator for a micro-electromechanical 
dev.ce compns ng a base element and a cantilevered element extending from the base element the carrtlevered 

orrdTe^Tmr;tf: fl 8 r n r- aCtUat6dP08tti ° n - ThS ° M includesafiretC^S 

«mS-E?° u ftrst layer. A pa.r of electrodes are connected to the second layer to allow an electrical 

oen^X^t^ 

ne second^ 

SoSZffi Ifanium aluminide thin film has suitable resistivity for use as a heater. With selected deposition con- 
40 foS th P 6P ? S f nea,in 9' 8 with properly adjusted stress and thermal stability is fornied 

Sent S, PreSe , ,nVe " t0n ' S partiCUlar,y Villas a thermal actuator Inkjet printer device. In this preferred em- 

10010] • As stated above, the cantilevered element includes a first layer constructed of a dielectric material havinc a 
« low thermal coeffic.ent of expansion. The term "low thermal coefficient of expansion" as useTh^eTn is In ended to 
mean a thermal coefficient of expansion that is less than or equal to 1 ppm/ °C as usea nerein is intended to 

Sator toZVJ^^Z " °' a tnermal *« u * or Inkjet printhead having a plurality of the thermal 

actuator Inkjet devices of the present invention formed therein 

50 oUhe VesJnmvintton ide VieW ° f a P° rtion ° f the cantilevered beam of the therma. actuator Inkjet device 

Slv coSlinJieTZ^v^r ea 1 y J n the fabrication of the thermal actuator Inkjet device wherein a thin layer 
^Z^^^ZoT^^ °" th6 - bs — d ^ a «r,ermeta.l.c tftamum alum.nide 

55 5 01 * /J 9 "' 6 4 J S 3 Pa^P 661 ^ vlew of »ha thermal actuator InkJet device at a stage in the fabrication thereof later 

!atte ]t toT^T'*?. Wh T in S dieleCtriC ' ayer haS been P atter "ad to fom? the top ^Tan^roluSns 
™ J ° n etched down through the thin layer of Figure 3 down to the substrate 9 

nan tlat teo^Zl^!* 9 ?*^ ^ ° f ^ aCtUat0r lnkjet device at a sta 9 a " the fabrication thereof later 

than that depicted ,n Figure 4 wherein a sacrificial layer has been deposited, patterned and fully cured on the structure 
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depicted in Figure 4. 

[0016] Figure 6 is a perspective view of the thermal actuator inkjet device at a stage in the fabncation thereof later 
than that depicted in Figure 5 wherein a top wall layer is next deposited on top of dielectric layer and the sacrificial 
layer depicted in Figure 5. 

[0017] Figure 7 is a sectioned perspective view of the thermal actuator inkjet device of the present invention. 
[0018] Figure 8 is a graph plotting film stress as a function of substrate bias (before and after annealing at 300°C) 
for titanium aluminide film. 

[0019] Figure 9 Is a graph plotting stress as a function of temperature for a deposited and annealed intermetallic 
titanium aluminide film measured on a six inch silicon wafer. 

[0020] Figure 10 is a graph plotting stress as a function of temperature for a sputtered aluminum film measured on 
a six inch silicon wafer. ■ 

[0021] Figure 11 is a graph plotting stress as a function of temperature showing a comparison of stress versus 
temperature curves for intermetallic titanium aluminide with 7% oxygen incorporated, and for intermetallic titanium 
aluminide with no oxygen incorporated, deposited on a silicon wafer. 

[0022] Turning first to Figure 1 , there is shown a plan view of a portion of a thermal actuator Inkjet pnnthead 10. An 
array of thermal actuator InkJet devices 12 is manufactured monolithically on a substrate 13. Each thermal actuator 
inkjet device 1 2 consists of a cantilevered element or beam 14 residing In an ink chamber 1 6. There is a nozzle or port 
18 through which ink may be ejected from chamber 16. Nozzle or port 18 resides in pumping section 20 of chamber 
16 The cantilevered element or beam 14 extends across chamber 1 6 such that the free end 22 thereof resides in 
pumping section 20. Cantilevered element or beam 14 fits closely within the walls of pumping section 20 without en- 
qaqina such walls. By placing the cantilevered element or beam 14 in close proximity to nozzle 1 8 and tightly confining 
the cantilevered beam 14 in pumping section 20, the efficiency of the ink drop ejection is improved. Open regions 26 
of chamber 1 6 adjacent cantilevered beam 1 4 allow for quick refill after drop ejection through nozzle 1 8. Ink is supplied 
to thermal actuator inkjet device 12 by an ink feed channel 28 (see Figure 7) etched through the substrate 13 beneath 
the ink chamber 16. There are two addressing electrodes 30, 32 extending from cantilevered beam 14, 
T00231 Turning next to Figure 2, cantilevered beam 14 is shown in cross^section. Cantilevered beam 14 indudes a 
first or top layer 34 made of a material having a low coefficient of thermal expansion such as silicon dioxide, silicon 
nitrideora^ 

conductive and has a high efficiency as will be described hereinafter; Preferably, second layer 36 is comprise* of 
intermetallic titanium aluminide. . +ci 

10024V Fiqures 3th^ 12 ' Looking^ at Figure.. 

3 the two addressing electrodes 30, 32 are connected to second layer 36. When a voltage is applied across the **o 
electrodes 30, 32 current runs through the intermetallic titanium aluminide layer 36 heating .t up and causing, the can- 
tilevered beam 14 to bend or deflect into pumping section 20 toward the nozzle; 18. In this manner, ink is ejected through 

rottfl 1 To optimize the ejection of a drop of ink in a thermal actuator inkjet device 1 2, it is important to optimize the 
forceand deflection of the cantilevered beam 14. The following relation gives a dimenslonless parameter that describes 
the efficiency e of the material of the second layer 36 of the cantilevered beam 14: 
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where a Is the thermal coefficient of expansion, V is the Young's modulus, p is the density, and c p is the spedflc j^a 

of the material. The numerator contains material properties proportional to the force a "^ ,s P ,acem ^ 

actuator. The denominator contains material properties that contribute to how efficiently the second layer 36 can be 

mm Table 1 shows e for various materials that have been used for thermal actuators in the prior art In comparison 
with the intermetallic titanium aluminide thin film material of the present invention. Material P^".^.^^. 
the literature except for the intermetallic titanium aluminide thin film of the present invention for which the material 
values were derived from experiment. 

Table 1: 



Efficiency of materials for thermal actuator 




Material 


cc(x10- 6 )C- 1 


YCxIO^Pa 


p(x10 3 )Kg/m 3 


Cp(J/Kg C) 


e 


Al 


23.1 


69 


2.7 


900 


.66 
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Table 1: (continued) 



Efficiency 


of materials for thermal actuator 


Material 


a(x1 0-6)0-1 


Y(x109)Pa 


p(x103)Kg/ m 3 


Cp(J/Kg C) 


e 


Au 


14.3 


80 


19.3 


1260 


.047 


Cu 


16.5 


128 


8.92 


380 


.62 


Ni 


13.4 


200 


8.91 


460 


.65 


Si 


2.6 


180 


2.33 


712 


.28 


TiAI 3 


15.5 


188 


3.32 


780 


1.13 



[00271 The Manlum a um.nide film is 70% more efficient than the next best film of the prior art. The Young's modulus 
Stevera t!^ ff° lumi " ide film was obtained from a fit to the resonant frequency of TOAI-silicon oxWecan 

^ZtluZr? , *!. expansion of the intermetallic titanium aluminide film was obtained by heating the 
n^etamp htenium alumimde-silicoa oxide cahtHeyeia and fitting the deflection versus temperature 

H iZ!T at ?K a ' f e D d, ^ th !, SeC ° nd ° r b9tt0m ,ayer36 1" the practice of the present invention has an efficiency 

(e I that is greater than 1. Preferably, such material has an efficiency (e) that Is greater than 11 

[0029] For the case of a thermal actuator device 12 with a cantilevered beam 14, a two-layer structure is formed as 

aluminide and the material of the first layer 34 has a substantially lower coefficient of thermal expansion. Typically the 
ZS^T ^ 18 T**"'™ ^ ° r Sil,COn nitride - n clear to ttosesklSSeaS 

atfosoS^ 

a^ «^ 7 chosen for layers 34. 36. In particular, it is known that in equilibrium, for maximum deflection 

and force, the following relat.cn determines the ratio of the.thickness of the first and second material: 
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laJeiSi; 36^ ^ thi ° kneSS ° fthe tW ° layers 34 ' 36 and Y * y 2 ^e the Young's modulus of the materials of the two 

S?teLi-& Fi9 . Ur ! 3, f thin J ay6f 40 ^ piCal,y consisti "9 Pf silicon dioxide is first deposited on the substrate 
th^f^l ? f !T f oT' f ° r th6 th6rmal aCtUat0r lnkjet device 12 ,rom **** and Electrically insulate the 
%£™£TZ ft 2 ' rom the SUbStrate 13 ' The ^emnetallic titanium aluminide film is next deposited and 

on^nlice. addreSSi " 9 electrodes 30 ' 32 that e * end °« to connect to the conirol circuitry 

Sl 3 rJ« t !f COn TfL°! a combination of silicon «dde and silicon nitride are deposited on thin layer 40 and bottom 
Rourf ! itZ d, t eCtr,C i ayer 41 (See R 9 ure 4 >- D,electric la y^ 41 is patterned to form the top layer 34 as shown £ 
rtT^L-LTT 9 ^?™ ' S then etcheddow " through the thin layer 40 down to the substrate 13. The patterning 

onmes^ 
canUleSe^ 

can eve !Jh! a m HI t ■ 'J""* * lay * ° f the P um P in 9 sactio " 20 around the free end 22 of the 

canttlevered beam 14 for efficient drop ejection. 

ZIX K^nZt a r'^ ide lay6r42 iS d eP°s»ed, Patterned and fully cured. The polyimide sacrificial 

Si cufed ^£££ZT .T". ,He cantilevered beam 14 and Alls the open regions 26 and pumping section 20. 
2na^2£5T tn6 .P 0| y ,m,de sa CriflCial layer 42 provides the ink chamber 16 definition. The polyimide also 
me IrfcSSe, 9 8 t0p SUrfaCe 43ThS 8, °P ed dwells 45 of the polyimide aid in the formation of 

favTls £ ™!iH y of r ? IS deP ,° S f d ° n tGp ° f die,ectrlc ,ayer41 as show " 6. Typically this top wall 

ave t T^eTo- fiSST? PO fn ted ^Lf™ 1 Wh ' Ch co "'ermal^ deposits over the polyimide sacLia. 
wa! aver^ fwhteh is fTo t P °^ m ' de SaCrifiCia ' tayer 42 are imp ° nant *° P revent cracki "9 ° f <* a ™ b er 

wall lajer £. P P ^ 46> 81 the ,0P The n0Z2le n0le 1 8 b etched though the chamber 

Ll%T-S rate k 3 iS J he " Pattemed °" tHe ba0kside ' a "9 ned 10 ,he fr0 "t sid e. *" d ^ched through to form the 

LndTuo n ! ff urn- "™ T T f '^^ 42 fl " in9 * e ink Chamber 1 6 ls then removed b * df V using o^gen 
and fluorine sources. Th.s step also releases and thereby forms the cantilevered beam 14. Note that chip dicing can 
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be done before this step to prevent debris from getting into the ink chamber 16.. 

[0035] A cross section of the final structure is shown in Figure 7. The cross section of the cantilevered beam 14 
shows the lower protective layer 40, the intermetatlic titanium aluminide bottom actuator layer 36, and the top actuator 
layer 34. The cantilevered beam 14 resides in the ink chamber 16 and is tightly confined about the perimeter of the 
free end 22 in the vicinity of the nozzle hole 18 and has open fill regions 26 on each side for the rest of its length. 
[0036] In order to keep the beam 14 straight as shown in Figure 7, it is important to be able to control the stress of 
the material of the cantilevered beam 14. Stress differences between the layers 34, 36 of the cantilevered beam 14 
will cause bending of the cantilevered beam 14, It is important therefore to be able to control the stress of each layer 
34, 36. Preferably, the top actuator layer 34 is formed mainly of silicon oxide, which can be deposited with close to 
zero stress, with a second material such as silicon nitride on top of it which can be deposited with a tensile stress to 
counter any tensile stress of the second layer 36. To maximize the beam efficiency, however, it is important to minimize 
the amount of silicon nitride needed. Therefore, it is important to minimize the tensile stress of the intermetailic titanium 
alumlnide film. 

[0037] Deposition of the intermetailic titanium alumlnide film was carried out using either RF or pulsed DC magnetron 
sputtering in argon gas. The T1AI3 sputter target was certified to 99.95% purity and greater than 99.8% dense. Optimum 
film properties were obtained by varying the deposition parameters of pressure and substrate bias. For the case of 
pulsed DC magnetron sputtering the pulsing duty cycle was also varied. After deposition the film was annealed at 
300°C-350°C for longer than one hour in a nitrogen atmosphere for a period long enough so that no further change in 
intrinsic stress was observed for the film. The annealed film shows a predominantly disordered face centered cubic 
(fee) structure as determined by x-ray diffraction; The composition 1 of the intermetailic titanium aluminide has a titanium 
to aluminum mole fraction in the range of 65-85% aluminum as determined by Rutherford Backscattering Spectrometry 
(RBS) dependent upon the selected sputtering conditions. This produces a film of superior properties than any presently 
taught for that of thermal actuation as described herein. This intermetailic material includes titanium and aluminum in 
a combination that can be characterized by the following relationship: 

AI^ X T. X , 

where 0.6 £ x £ 1 .4. 

[0038] When this predominantly fee film is heated above 450°C the crystal structure changes from the disordered 
fee to a predominantly tetragonal TigAl^ structure. This change in structure- is accompanied by a large increase in 
crystallite size and reduced tensile strength that can result in film cracks. 

[0039] Figure 8 displays the experimental result of measured stress after deposition and the resutting stress after 
anneal By controlling the deposition parameters the final stress of the film can be reduced to zero. Note that this 
displayed data was for deposition conditions of 5mT pressure. We find also that as the deposition pressure is lowered 
below 6mT an increase of the compressive stress is observed in the deposited film similar to Increasing the bias. In 
addition, for DC magnetron sputtering, we find that varying the pulse duty cycle can also be used to adjust the stress. 
Therefore the final stress can be tailored through a proper selection of both substrate bias, deposition pressure and 

pulsing duty cycle. : : " . : . ■ 

[0040] It is also important that the material is thermally stable to repeated actuation, showing no plastic deformation 
or stress relaxation: Figure 9 displays stress versus temperature data from a deposited and annealed intermetailic 
titanium aluminide film measured on a six inch silicon wafer. The curve shows no hysteresis. The same measurement 
on a pure aluminum film, shown in Figure 1 0, shows large hysteresis and a nonlinear curve. On fabricated cantilevered 
beams 14 (including the intermetailic titanium aluminide film as described herein) tens of millions of test actuation have 
been performed with ho measured change in cantilever profile or actuation etficiency. 

[0041] It has also been found that addition of oxygen or nitrogen to the sputter gas to formTiAl(N) or TtAl(O) com- 
pounds is disadvantageous to the present invention. For example Figure 11 compares the stress versus temperature 
curves for intermetailic titanium aluminide with 7% oxygen incorporated, and no oxygen incorporated, deposited on a 
silicon wafer. Measuring the wafer curvature, the stress of the film is derived using Stone/s equation as is well known 
in the art The slope of the curve is proportional to the Young's modulus of the material and the thermal coefficient of 
expansion. A lower slope therefore indicates a less efficient actuator material. The addition of oxygen degrades the 
efficiency of the actuator material. 

[0042] The intermetailic titanium aluminide material used for layer 36 demonstrates significant advantages over ma- 
terials used in prior art thermal actuator devices. Such material has a high thermal coefficient of expansion which is 
proportional to the amount of deflection that the cantilevered beam 14 can achieve for a given temperature rise. It is 
also proportional to the amount of force the cantilevered beam 14 can apply for a given temperature rise. In addition, 
the intermetailic titanium aluminide material has a high Young's modulus. A higher Young's modulus means the same 
force can be applied with a thinner cantilevered beam 1 4 thus increasing the deflection capability of the cantilevered 
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beam 14 Intemnetallic titanium aluminide also has a low density and a low specific heat. Lower energy input is required 
to heat the material to a given temperature. These properties allow for fabrication of small scale thermal actuator 
cantilevered beams 1 4 that can achieve fast response time consistent with use as an ink drop ejector for printing By 
W «k of axample ' c f ntilevered beams 14 ° f the present invention having dimensions of 20 m wide x 100um long and 
wrth a thickness of 2.B^m have been successfully produced and tested in an ink jet printing operation. 
[0043] The intermetallic titanium aluminide material used for layer 36 shows no plastic relaxation or hysteresis upon 
™ 9 1?„ ^,° C - 1116 canti| evered beam 14 can be cycled millions of times without any change of properties 
f Th ? Se S "l' ed " *f art shou,d agnize that thermal actuators using the intermetallic titanium aluminide 
material for layer 36 material can be Incorporated onto CMOS wafers allowing integrated control circuitry. Further the 

rMol a J Um "! id6 materta ' bS etChed and patterned wlth the standard chlorine-based etch systems 

wa,er 'ebncation. The temperatures at which the titanium aluminide material is deposited are below 
350 C. The allows easy integration of the thermal actuator device of the present Invention into the back end of a CMOS 
fabrication process. 

[0045] Intermetallic titanium aluminide has a resistivity of 1 60nohm-cm which is a reasonable resistivity for a heater. 
By comparisor . purenietals have a much lower resistivity. The intermetallic titanium aluminide material can therefore 
be used as both the heater and bending element in the thermal actuator. 
[0046] Intermetelltetttanlum aluminide ha^ 

fhl ™? fr 18 ? "* resistance stavs the same - Practically, this means that for an applied voltage pulse to heat 
the matenal the current stays the same, thereby allowing a completely linear response 

[mcmL th6mla , 1 aCtUat ° r ° f the pr6Sent invention can a 'so be applied to other microelectro mechanical systems 
(MEMS). For example, a thermally actuated microvalve could be constructed to control the flow of fluids. The motion 
provided by the thermal actuator of the present invention could be used for micropostioning or switching applications 
Other forms o thermal actuators could also be constructed in accordance with the principles of the preferred embod- 
iment. A buckling actuator could be constructed out of intermetallic titanium aluminide. 

Claims 

1. A thermal actuator for a micro-electromechanical device comprising: 

(a) a base element; 

(b) a cantilevered element extending from the base element and residing in a first position, the cantilevered 
element including a first layer constructed of a dielectric material having a low thermal coefficient of expansion 
and asecondlayer^ttachedto the first layer, the second layer comprising intermetallic titanium aluminide; and 

(c) a pair of electrodes connected to the second layer to allow an electrical current to be passed through the 
second layer to thereby cause the temperature of the second layer to rise, the cantileveredelement deflecting 
whL S ^° nd P ? °" 88 8 re ! Ult ° f th6 temperature rise °f the second layer and returning to the first position 
when the electneal current through the second layer Is ceased and the temperature thereof decreases, 

2. A thermal actuator Inkjet device comprising: 

(a) an ink chamber formed in a substrate; -V 

Si^tn!L We H d 1 eleme . r l te f t ! ndin9 ,r ° m 3 Wa " ° f the lnk chamber and normally residing In a first position, 
he cantilevered element Including a first layer constructed of a dielectric material having a low thermal coef- 
tE£m T XP8 T n .r 8 second lave r attached to the first layer, the second layer comprising intermetallic 
Ink ehambe^an?' ^ e ' ement haVi " 9 a fre e end residing proximate to an ink ejection port in the 

£^Si! i T ,d ? COnnectad t0 the second lave r to allow an electrical current to be passed through the 
I 6 Y CaUS6 f he temDeratUre Gf the second layerto rise, the cantileveredelement deflecting 
when T ^KST! 88 8 ^ U,t 0f . th ! tem P eratur e ^e of the second layer and returning to the first position 
TZ^JZZ current through the second layer is ceased and the temperature thereof decreases, the 
movement of the cantilevered element causing Ink in the Ink chamber to be ejected through the ink ejection port. 

3. A thermal actuator inkjet device as recited in claim 2 wherein: 

t s h e^to l n Chamber inClUdeS aPUmPin9 SeCti ° n ' thS ' ree end ° f the cantilevered element residing in the pumping 
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4. A thermal actuator Inkjet device as recited in claim 3 further comprising: 

(a) at least one open region adjacent the cantilevered element; and 

(b) an ink delivery channel in the substrate allowing ink to be delivered through the at least one open region 
and into the ink chamber. 

5. A thermal actuator as recited in claim 1 wherein: 

the second layer can be characterized by the relationship 

where 0.6 £ x £1 .4. 

6. A thermal actuator inkjet device as recited in claim 2 wherein: 

the second layer can be characterized by the relationship 

A^x^x* 



where 0.6 £x£ 1.4. 
25 7. A thermal actuator as recited in claim 1 wherein: 

the second layer has an efficiency (e) greater than 1 , the efficiency (e) being defined by the equation 



30 



35 



40 



e-Ycc/c pp 

where Y is Young's modulus, p is density, a is the thermal coefficient of expansion, and Cp is the specific heat. 

8. A thermal actuator inkjet device as recited in claim 2 wherein: 
the second layer has an efficiency {€} greater than 1 , the efficiency (e) being defined by the equation 

e = Yo/c pp 

where Y is Young's modulus, p is density, a is the thermal coefficient of expansion, and Cp is the specific heat. 

9. A thermal actuator as recited in claim 7 wherein: 

45 the second layer has an efficiency (e) greater than 1 . 

10. A thermal actuator as recited in claim 7 wherein: 

the second layer has an efficiency (e) greater than 1.1. 

50 
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